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SIMULATED NCTCLEAR �EATING OF LIQUID HYDROGEN I N  A PROPEXLAKC "K 

by Sidney C. Huntley and James W. Ga.untner 

Lewis Research Center 

SUMMARY 


An experimental study w a s  made to simulate nuclear heating of l i q u i d  hy­
drogen i n  a propellant tank by using an e l e c t r i c a l  immersion heater and radiant 
heaters.  Flow t e s t s  were made i n  a 125-gallon tank pressurized t o  2 atmospheres 
with a flow r a t e  of about 0.04 pound per second. Test r e s u l t s  showed t h a t  the  
inoperative immersion heater  did not al ter the  e x i t  temperature his tory.  Oper­
a t ion  of the  immersion heater tended t o  r e s u l t  i n  a more completely mixed l i q ­
uid than exis ted with nuclear heating. A comparison of bottom ( rad ian t )  heat­
ing with nuclear heating showed a nearly iden t i ca l  generalized e x i t  temperature 
h is tory  with a s i m i l a r  generalized heat input r a t e  d i s t r ibu t ion  and equal heat­
ing parameters, although the  i n i t i a l  t o t a l  heat input r a t e s  varied by a f ac to r  
greater  than 6. High bottom (or l iqu id  source) heating w a s  observed t o  con­
s i s t e n t l y  r e s u l t  i n  a l i qu id  disturbance near t h e  surface during the  t rans ien t  
development of a temperature gradient. 

INTRODUCTION 


In t e re s t  i n  propellant heating has increased i n  recent years because of 
the  desire  t o  achieve minimum rocket vehicle weight. A knowledge of the  e f ­
f e c t s  of propellant heating on such vehicle components as the  propellant tank, 
the  pressurizat ion system, and the pump i s  desirable  f o r  optimization of the 
vehicle weight. Propellant heating i n  most rocket vehicles consis ts  of a net 
in f lux  of heat to t he  propellant from thermal rad ia t ion  and aerodynamic heating 
of t he  tank w a l l s .  Additional heating of t he  propellant i n  a nuclear vehicle 
r e s u l t s  from nuclear rad ia t ion  absorbed both i n  t h e  tank w a l l s  and i n  the  pro­
pe l lan t  i t se l f .  The propellant heating problem arises from uncertaint ies  re­
garding the  l i q u i d  behavior when subjected t o  one or more of t he  aforementioned 
heat loads. A knowledge of t he  l i qu id  behavior i s  required i n  making a compro­
mise between tank pressure l e v e l  necessary t o  provide the  net  posi t ive suction 
head requirements of t h e  pump and the  extent of thermal protect ion from the  ex­
t e r n a l  heating loads. 

. 


I n  the  ea r ly  phases of t he  nuclear rocket program there  w a s  l i t t l e  infor­
mation describing the  e f f ec t  of w a l l  and nuclear (or source) heating on l i q u i d  
behavior. One of t h e  f i r s t  ana ly t i ca l  s tudies  of t he  problem, appearing i n  
reference 1, consisted of a numerical approach t o  predict  t r ans i en t  temperature 



prof i les  i n  the  f l u i d  e i t h e r  f o r  closed tanks or for tanks with flow. There 
were no experimental nuclear data avai lable  f o r  comparison. A qua l i ta t ive  in ­
vest igat ion of noncryogenic l i qu id  behavior i n  a vented two-dimensional g lass  
tank subjected t o  w a l l  and source heating w a s  conducted a t  NASA Lewis Research 
Center (ref.  2 ) .  An extension of t h i s  program consisting of an ana ly t i ca l  and 
experimental invest igat ion was made of the  e f f ec t s  of nuclear heating on the 
temperature h i s to r i e s  of l i q u i d  hydrogen. This invest igat ion was conducted us­
ing a three-dimensional tank representing a scaled-down version of a proposed 
nuc1ea.r rocket propellant tank ( r e f s  . 3 t o  5).  Another experimental investiga­
t i o n  of s ide w a l l  and bottom heating of l i q u i d  hydrogen contained i n  a tank 
similar to t h a t  of reference 3 was made and is  presented i n  reference 6.  The 
r e su l t s  of the  work reported i n  references 2 t o  6 show tha t  the  l i q u i d  behavior 
associated with s ide w a l l  and nuclear (or bottom) heating tends to form a 
s t r a t i f i e d  region of warm f l u i d  above a region of turbulent ly  mixed f l u i d  hav­
ing a uniform tempemture. An analysis was developed ( r e f .  5) and found t o  
predict  s a t i s f a c t o r i l y  temperature h i s to r i e s  f o r  cases with a major port ion of 
the  heating from below. The s t r a t i f i e d  region, formed by the  accumulation of 
boundary layer  f l o w  up the  tank walls, w a s  found t o  be dependent on the  r a t i o  
of s ide w a l l  heat f lux t o  bottom heat f lux.  Low values of this r a t i o  were 
found t o  y i e ld  t h i n  s t r a t i f i e d  regions; high values resu l ted  i n  the  e n t i r e  l i q ­
uid height being s t r a t i f i e d .  The e f f ec t  of var ia t ions i n  t h i s  r a t i o  on the  
temperature h is tory  of the l i qu id  a t  the tank e x i t  during constant pressure 
outflow was a l s o  shown. I n  addition, it was shown t h a t  the e f f ec t s  of t0 ta . l  
heating r a t e ,  flow ra t e ,  and tank pressure on the  e x i t  temperature h is tory  
could be generalized. It was fur ther  indicated t h a t  similar temperature h is ­
t o r i e s  were obtained from bottom heating as from nuclear hea.ting provided t h a t  
the  heat input r a t e  d i s t r ibu t ions  were s i m i l a r .  

The purpose of t h i s  report  i s  t o  present the  r e s u l t s  obtained i n  an exper­
imental invest igat ion of e l e c t r i c a l  simulation of nuclear heating of l i q u i d  hy­
drogen. The e l e c t r i c a l  simulation u t i l i z e d  an immersion heater t o  produce heat 
sources i n  the  l i q u i d  from the heating of high-resistance 0.020-inch wire e l e ­
ments arranged i n  a 1/4-inch-wide by 1-inch-high g r i d  network. Nuclear heating 
of the  tank w a l l  was simulated by using radiant  heaters.  This work w a s  under­
taken because of the  complex and inf lex ib le  nature of performing t e s t s  i n  a nu­
c l ea r  environment. The nuclear environment of reference 3, the  only avai lable  
source of nuclear heating data with l i qu id  hydrogen, w a s  se lected as a spec i f ic  
case f o r  simulation. Simulated nuclear heating t e s t s  were performed i n  the 
tank described i n  reference 6. Data were a l so  obtained t o  determine the  e f f e c t  
of t he  presence of the immersion heater (without power applied).  The high bot­
tom ( rad ian t )  heating work of reference 6 was extended t o  more nearly duplicate 
nuclear heating (without simulated source heating) and these results are  a l s o  
presented. The data a re  generalized i n  accordance with a s e t  of scal ing ru les  
(presented i n  r e f .  6)  to make them comparable with other data obta.ined a t  d i f ­
fe ren t  operating conditions. 

APPARATUS 

The apparatus used i n  t h i s  investigation, with the exception of the i m e r ­
s ion heater,  was described i n  d e t a i l  i n  reference 6; consequently, only a b r i e f  
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descr ipt ion i s  included herein.  The t e s t  apparatus consisted of the  t e s t  tank 
enclosed i n  a vacuum chamber with provisions f o r  supplying l i q u i d  hydrogen, 
pressurizing and venting the  tank, t h r o t t l i n g  the  outflow of l iqu id ,  providing 
source heating of t he  l i qu id  with e l e c t r i c a l  elements, and providing separa te ly  
control led heating of the tank w a l l  and bottom ( f i g .  1). A vacuum system w a s  
provided which had the  capabi l i ty  of producing a vacuum of l e s s  than lom5t o r r ,  
thereby reducing the  conductive heat leak  through the vacuum space t o  a negl i ­
g ib le  amount. 

Tank with Radiant Heaters 

An ex te r io r  view of the  tank with rad ian t  heaters i n s t a l l e d  i s  shown i n  
f igure  2. The tank, constructed of 304 s t a in l e s s  s t e e l ,  had a l i q u i d  capacity 
of about 125 gallons with a diameter of 32 inches. The tank geometry consisted 
of cy l indr ica l  walls with a 45' half-angle conical bottom. Spherical  sect ions 
were used t o  join the  w a l l  and bottom sect ions and t o  provide the  bottom sec­
t i o n  with a s m a l l  radius.  A f lange and t r a n s i t i o n  sect ion on top  of the cyl­
inder was provided f o r  removal of the  tank from the e l l i p t i c a l  tank dome. The 
outer surface of t he  tank and the  inner surfaces of both the  w a l l  and bottom 
heaters were sand b las ted  and spray painted with a f l a t  black lacquer t o  pro­
vide high emissivi ty  surfaces f o r  rad ian t  heat exchange between the  tank and 
heater surfaces.  

The radiant  heaters  were constructed from 304 s t a in l e s s  s t e e l  ribbons. 
The w a l l  heater consisted of a double lead  c o i l  of 1-by 1/16-inch ribbon cy­
l i n d r i c a l l y  wrapped with a 37Linch  inside diameter and a 2I-inch pi tch.  Each

2 4 
c o i l  had approximately 13 convolutions. The bottom ends of each c o i l  were 
joined with a length of the  heater  mater ia l  t o  form one continuous s t r i p  t o  
which e l e c t r i c a l  power leads were at tached a t  each end. The overa l l  height of 
the wa.11 heater w a s  about 30 inches. 

The bottom heater  consisted of a double lead  c o i l  of 3/4- by 1/16-inch 
ribbon hel ica . l ly  wrapped with a 45' half  angle from the axis  with a major diam­

3e t e r  of 36-4 
3 inches using a 1--inch p i tch .  Each c o i l  had approximately 13  con­4 

volutions with the  bottom two lead ends joined t o  form one continuous s t r i p .  

The double lead co i l s  of one continuous s t r i p  were used f o r  both .the w a l l  
and bottom heaters  t o  prevent inductive coupling between the heaters  and the  
tank. Voltage-regulated a.l ternating current  wa.s separately supplied t o  each 
heater.  

Immersion Heater 

The immersion heater ( f i g .  3) consisted of 25 individual ly  control led 
e l e c t r i c  horizontal  heating elements, each one being a continuous piece of 
0.020-inch wire, having been wound on a form, s t r e s s  relieved, and then epoxied 
t o  a frame of 1/8-inch s t a in l e s s  s t e e l  wire which i t s e l f  had been previously 

3 



stress relieved. A wire having essentially constant resistivity in the temper­
ature range from 36' to 500' R was used. The 25 individual heater elements 
were assembled with the horizontal wires of each element at 90' with respect to 
the horizontal wires of the two adjacent elements to deter the development of 
unnatural flow patterns in the liquid. 

A 1/2-inch cleara.ncebetween the heater assembly and the tank wall was al­

lowed to provide space for boundary layer movement and instrumentation leads. 

Because nuclear source heating yields a relatively smooth gradient of heating 

rate, it can be more closely simulated by heat sources whose horizontal and 

vertical spacings are very small; however, practical considerations of con­
struction led to the use of l/$-inch horizontal spacing between wires and 1-inch 
vertical spacing between elements. The nuclear source heating load (heating 
rate per unit volume) of reference 3 decreased exponentially with height of 
liquid, and the heating load half way up the tank was only about 10 percent of 
the heating load at the bottom. Consequently, the heater was only extended 

about half way (24iin.) up from the bottom of the tank. 


A constant heating load in the radial direction was assumed to be an ade­

quate simulation of the nuc1ea.rheating load experienced in reference 3. 


Instrumentation 


Two temperature measurement systems were used for the test: one consisted 
of carbon resistors to measure temperatures in the cryogenic temperature range 
and the other of copper constantan thermocouples to measure gas temperatures. 
Thirty carbon-resistorthermometers were mounted on a rake extending down the 
tank axis. These thermometers, spaced at 1/4-inch intervals near the liquid 
surface of the full tank and at 4-inch intervals elsewhere, were used to observe 
cryogenic temperatures. A thermometer placed at the tank exit was used to ob­
serve the liquid temperature leaving the tank. Temperature data are presented 
in this report for thermometers located at 0, 16.9, 24.7, 32.7, and 40.7 inches 
above the exit port along the tank center axis. Additional data for one test 
are shown for thermometers spaced at 1/4-inch intervals near the initial liquid 
surfa.ce. Thirty-six copper-constantanthermocouples, mounted along the entire 
axis of the tank at 4-inch, or less, intervals on the axial rake, were used to 
observe gas temperatures. Three thermocouples were attached to the inner sur­
face of each radiant heater to measure heater temperature. Previous experience 
with the carbon resistors gave indication that an accura.cywithin 0.1' R was 

obtainable in the range of liquid hydrogen temperatures. The thermocouple ac­

curacy was estimated to be within lo R at temperature levels greater than 

138' R. 


b 

Other types of measurements included tank pressure, liquid outflow rate, 

and liquid level position. 


4 




PROCEDURE 

The desired temperatures on t h e  radiant heaters were establ ished to obtain 
both the  desired w a l l  heat flux and the  desired bottom heat f lux i n t o  t h e  tank. 
These temperatures were adjusted by varying the  e l e c t r i c a l  input power to each 
heater.  If the  pa r t i cu la r  t e s t  required source heating, power was applied to 
the  immersion heater  s o  as to achieve a specif ied gradient of source heating 
r a t e  per un i t  volume as a function of distance f romthe  bottom of t h e  tank. 
This gradient w a s  similar to t he  nuclear heating deposition gradient which w a s  
experienced i n  the  nuclear tests (ref. 3 ) .  After both s e t s  of heaters  were op­
erat ing,  t he  tank w a s  closed and 5 seconds la ter  the  tank w a s  pressurized with 
hyllrogen gas to 1atmosphere above t h e  i n i t i a l  pressure level .  The l i q u i d  hy­
drogen w a s  i n i t i a l l y  a t  sa tura t ion  temperature corresponding to t he  i n i t i a l  
pressure leve l .  Next, the  f i l l  valve w a s  closed ( f ig .  1). After t he  tank had 
been closed f o r  20 seconds and a s tab le  pressure achieved, t he  shutoff valve 
( f i g .  1)was opened and t h e  outflow of hydrogen began a t  a rate of about 0.04 
pound per second control led by the  t h r o t t l e  valve. Additional pressurizing gas 
was used as needed t o  maintain a constant tank pressure during the  e n t i r e  flow 
run. 

Both the  double wall  of the  outer s h e l l  and the tub-l ike enclosure around 
the  shutoff va.lve ( see  f i g .  1)were f i l l e d  with l i qu id  nitrogen t o  ensure a 
constant reproducible temperature which would y ie ld  a. low ambient heat leak.  
Uniformity i n  the i n i t i a l  conditions was obtained by opening the  t h r o t t l e  valve 
with the tank shutoff valve closed and flowing l i qu id  hydrogen from the  supply 
dewar t o  c h i l l  the  ventur i  and t o  e s t ab l i sh  the  t h r o t t l e  valve s e t t i n g  t o  
achieve the  desired flow r a t e  f o r  approximately 15 minutes pr ior  t o  s tar t  of 
outflow from the  ta.nk. 

Test conditions f o r  the  several  experiments a re  presented i n  t ab le  I. 
Each t e s t  run i s  iden t i f i ed  by run number, the  type of heating a.pplied, and the  
average values of w a l l  heat f l ux  and bottom heat f l ux  a re  shown. A l s o  shown 
are  the i n i t i a l  height of l iqu id ,  the i n i t i a l  l i qu id  temperature, the  tank 
pressure with resu l t ing  saturat ion temperature r i s e ,  and the  f l o w  r a t e .  The 
other items w i l l  be discussed l a t e r .  

MW ANALYSIS 

The heat input r a t e  from the  radiant heaters w a s  based on a calculat ion 
involving the  heat f l u x  between the  heaters and the wetted tank w a l l .  The 
t o t a l  heat input r a t e  was based on addi t ional  calculations involving the  power 
t o  the immersion heater and the time-averaged enthalpy change of the  l i q u i d  
flowing from the  tank e x i t .  The la t te r  calculat ions required t h a t  t he  radiant  

I heater calculat ion be normalized t o  obtain the  t o t a l  energy input t o  the  l i q u i d  
over the  time t o  outflow. Jus t i f i ca t ion  f o r  t h i s  normalization w a s  based on 
no-flow and boi loff  t e s t s  presented i n  reference 6, and the  method i s  extended 
here t o  consider t he  immersion heater.  

5 



- - -  

Heat Input Rate from Radiant Heaters 

Each hea.ter w a s  considered t o  consist  of three zones, each having a mi-
form temperature measured by a thermocouple i n  tha.t zone. 

The net radiant  heat exchange was then calculated between each zone of a 
heater and the  corresponding tank surface, assuming t h a t  both the  heater and 
the  w a l l  were gray surfaces and the  close spacing of the  heater  t o  the  tank 
w a l l  was analogous t o  concentric cylinders. The ne t  heat exchange per un i t  
tank area per un i t  time from each zone w a s  computed f r o m  the  equation 

where CT i s  the  Stefan-Boltzmann constant and 

1 - 1 + rT-(& - 1)
IT-HET r~ 

The symbols used i n  t h i s  report  a re  defined i n  appendix A. Constant emissivi­
t i e s  of 0.8 were assumed f o r  both surfaces.  The heat input rate from the  
hea.ters was then obtained from 

where xs i s  the  height of l i q u i d  i n  the  ta.nk. Equation (1)w i l l  be normal­
ized l a t e r  as previously mentioned. 

The time-averaged r a t e  of heat input from the  heaters was obtained by use 
of the  expression 

where t m  i s  the  flow time required t o  empty the  tank a.nd x s ( t )  i s  obtained 
f r o m  the rela. t ion 

x,b) 
V(L) - vt  = n r 2 ( x )  d~ ( 3 )  

P 

where V i s  the  average volumetric f low r a t e  calculated f r o m  the  slope of a 
s t r a igh t - l i ne  curve fit  of l i qu id  volume his tory.  The l i q u i d  volume h is tory  
was obtained by observing the time a t  which the  l i q u i d  surface passed the  sev­
e r a l  temperature sensor locat ions.  

6 



- - -  

H e a t  Input Rate from Immersion neater 

The t o t a l  power delivered t o  a l l  immersion heater elements a t  any given 

time (&(t))as measured b y x [ E 2 ( t ) / R ]  w a s  assumed t o  be en t i r e ly  trans­
i 


fe r red  t o  the  l iqu id .  A s  the l iqu id  l e v e l  passed below a given element, t h a t  
element w a s  disregarded i n  making the  summation. The resis tance of each e l e ­
ment w a s  measured p r io r  t o  the  run while the  voltage supplied t o  each element 
w a s  measured during each run. 

The average heat input r a t e  from the  immersion heater during the  flow run 
w a s  obtained from the  expression 

The locat ion and power h is tory  of each element along with the previous 
r e l a t ion  of l i q u i d  l e v e l  with time (eq.  ( 3 ) )  gave the  t o t a l  immers'ion heater  

power as a function of l i qu id  height (QN(xs)) .  

Heating Rate of Liquid 

The average heating r a t e  of the  l i q u i d  during a flow t e s t  was based on the  
time-averaged enthalpy increase i n  l i qu id  flowing from the tank e x i t .  The av­
erage increase i n  l i qu id  temperature w a s  f i r s t  calculated from the expression 

= 6" AT(0,t) d t  
t m  

where AT(0,t) i s  the measured increase i n  e x i t  temperature a t  time t a f t e r  
start  of flow and tm i s  the  time required t o  empty the tank. The average 
heating r a t e  of the  l i qu id  w a s  then obtained from the  expression 

= Kp cp AT (5)  

-where p and 5 are  the  l i q u i d  density and spec i f ic  heat a t  constant pres­

sure evaluated a t  the  average temperature T i n  + AT by using the  National Bu­
s reau of Standards l i t e r a t u r e .  The values of density and spec i f ic  heat evalu­

ated f o r  each run a re  shown i n  tab le  I. 

The heating r a t e  d i s t r ibu t ion  i n  t h e  l i q u i d  w a s  considered as being pro­
vided by both immersion heater power and the  heating r a t e  from the  radiant  
heaters.  Because t h i s  assumption did not consider other heat inputs (such a.s 
radia.nt heat t r ans fe r  from the  dome, f o r  instance) ,  the  radiant heater  calcu­
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l a t i ons  were normalized to obtain equal i ty  among t h e  time-averaged heating 
-

rates (eqs. (2), (41, and ( 5 ) ) ,  t h a t  i s  t o  obtain Q2 = GN + ZH. The heating 
rate of t he  l i q u i d  i s  consequently given by the  expression 

-
Specific values of the  average heating rate from radiant  heaters QH and the  

-heating e r r o r  term (6~&I/& f o r  each run a re  shown i n  tab le  I. 

Generalizing Parameters 

Generalizing parameters were derived i n  reference 6 to make tes t  r e s u l t s  
applicable t o  a wide range of operating conditions. The same parameters a.re 
derived herein, f o r  completeness, along with an addi t iona l  term to account f o r  
l i qu id  heat sources. A system i s  assumed t o  consis t  of t he  l i qu id  bounded by 
the  tank walls and the  l i qu id  gas in te r face  a t  anytime during flow. The as­
sumptions a re  made that there  i s  no heat t r ans fe r  across the  interface,  t h a t  
energy i s  time dependent and var ies  only i n  an axial direct ion,  and t h a t  l i qu id  
propert ies  a re  nonvariant and determined a t  a time-averaged temperature leve l .  
An energy balance of t he  system may be expressed i n  terms of the  t i m e  rate of 
l i q u i d  enthalpy change, t he  rate a t  which enthalpy i s  being transported from 
the  system and the  t o t a l  heating rate enter ing the  system. I n  equation form, 
t h i s  i s  expressed as 

where 4 i s  the weight flow r a t e  and V ( x s )  i s  the  volume of l i qu id  i n  the  
tank a t  any given time. 

A sa tura t ion  heating rate Qs i s  now defined as the  energy required t o  
heat the  i n i t i a l  l i qu id  content t o  sa tura t ion  temperature i n  the  same time re ­
quired to empty the  tank. This saturat ion heating r a t e  can be expressed as 

. ~p cp  V(L)AT, 
= K C p  w ATsQs = ~m 

When equations ( 7 )  and (8)  a re  combined, the  energy equation then becomes 

da"s 8($,T)dv + 9(O,a) = ( 9 )  

v(xs 1 
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where 

T = -t 
t m  

I n  t h i s  form the  energy equation s t a t e s  t h a t  the  nondimensional tempera­
tu re  h is tory  everywhere i n  the  tank i s  a function of the  nondimensional heating 
r a t e  d i s t r ibu t ion  $2(xs)/&2(L) and a heating parameter 4. The hea.ting rate 
d is t r ibu t ion ,  i n  some instances,  or iginates  from both heat t r ans fe r  through the  
tank w a l l  and from source heating i n  the  l iqu id .  When both terms exist, it i s  
convenient t o  express the  i n i t i a l  magnitude of l i qu id  source heating i n  terms 

of the  i n i t i a l  t o t a l  heating & ( L ) / i z ( L ) .  Values of the  i n i t i a l  t o t a l  heating 
rate i 2 ( L ) ,  the  heating parameter 9,and the  i n i t i a l  r a t i o  of l i q u i d  source 

heating t o  t o t a l  heating rate & ( L ) / i z ( L )  f o r  each run are shown i n  t a b l e  I. 

RESULTS AND DISCUSSION 

A se r i e s  of t e s t s  w a s  performed t o  document the use of an e l e c t r i c a l  i m ­
mersion heater as a means of simulating nuclear heating of l i qu id  hydrogen. 
The experimental data obtained from this se r i e s  of t e s t s  are presented. Test 
r e s u l t s  a re  used t o  show t h e  e f f e c t  of t he  presence of the  inoperative immer­
s ion  heater on the  l i qu id  behavior. Test r e s u l t s  of simulated nuclear source 
heating are compmed with r e s u l t s  from nuclear heating t e s t s  ( ref .  3) .  Results 
of two tes ts  without source heating but having a r e l a t ive ly  high r a t i o  of 
bottom-to-wall heat f l u x  (hereaf te r  ca l led  high bottom heating) a re  a l s o  com­
pared with results from the  nuclear heating t e s t s .  

Experimental D a t a  

The heat input r a t e  calculated from the  heaters as a function of l i q u i d  
height i s  presented i n  figure 4 f o r  t he  several  t e s t s .  The data points show 
calculated values of heat input r a t e  from the  heaters obtained by using equa­
t i o n  (1). The heat input r a t e  d i s t r ibu t ion  f o r  run l ( f i g .  4( a ) )  w a s  estab­

< 	 l i shed  by using a r e l a t i v e l y  low bottom radiant  heater  temperature and high 
w a l l  heater temperature. This heat input configuration w a s  se lected t o  compare 
with a typ ica l  high w a l l  heating configura,tion with no immersion heater  in -. s t a l l e d  ( H  - L configuration of r e f .  6 ) .  The resu l tan t  average w a l l  and bot­
t o m  heat f luxes a re  given i n  t ab le  I. Relatively high bottom heating w a s  used 
f o r  run 2 ( f i g .  4 (b ) ) ;  this configuration w a s  se lected as representative of t h e  
type of heat input configuration which might be experienced i n  a nuclear rocket 
(see refs. 3 t o  6 ) .  Run 3 ( f i g .  4 (b ) )  i s  similar t o  run 2 i n  heat input con­
f igura t ion  (within 10 percent) and i s  presented t o  i l l u s t r a t e  t he  consistency 
of temperature h i s to ry  data.  I n  t h e  case of run 4, both the  radiant  heaters  
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and the  immersion heater  were used, and the  respective heat input ra.tes a re  
shown i n  f igures  4(e )  and ( d )  . A l s o  shown a r e  the  heat input r a t e s  f o r  another 
t e s t  using both s e t s  of heaters ,  run 5. For t he  l a t t e r  two runs, the  magnitude 
of the heat input r a t e s  w a s  about the  same, but f o r  run 5 the  imnersion heater 
elements were se lec t ive ly  turned off as the  l i q u i d  l e v e l  approached each e l e ­
ment. This w a s  done t o  observe i f  a.measurable difference i n  results exis ted 
when the  heaters were l e f t  on or turned o f f  and w i l l  be discussed subsequently. 

The temperature h i s to r i e s  a t  several  tank heights are presented i n  f i g ­
ure 5. I n  general, t he  temperature r i s e  a t  any thermometer locat ion increased 
after the  start of flow. T h i s  increase i n  temperature r i s e  with time shows an 
increase i n  temperature of t he  main bulk of l i q u i d  and, as the  l i qu id  l e v e l  ap­
proaches a given location, an increase i n  temperature due to a s t r a t i f i e d  layer  
near the  surface.  The high w a l l  heat configuration, run 1,.shows a smooth i n ­
crease i n  temperature r i s e  a t  a l l  locations ( f i g .  5 ( a ) )  with a trend toward an 
increa.sing temperature gradient with time throughout t he  height of l iqu id .  For 
instance, 400 seconds a f t e r  the  start  of f low the  temperature r i s e  w a s  about 
O . l o  F a t  the  tank ou t l e t  but a t  a height of 16.9 inches the  temperature r i s e  
was about 0.3' F; a t  24.7 inches, 0.5' F; e t c .  For t he  high bottom heat con­
figura.tions (runs 2 and 3; f i g s .  5(b)  and ( e ) ,  respect ively)  or the  simulated 
nuclear heating configurations (runs 4 and 5; f i g s .  5 (d> and ( e ) ,  respect ively) ,  
a near constant temperature region exis ted to near the  l i q u i d  surface.  A com­
parison of f igures  5 (a )  and ( b ) ,  f o r  instance, shows t h a t  the region of turbu­
l e n t l y  mixed (constant temperature) l i qu id  i s  more extensive with high bottom 
heating than with high w a l l  heating. These r e su l t s  a r e  typ ica l  of high w a l l  o r  
high bottom heat configurations and have been previously observed ( r e f .  6 ) .  

It was seen, with the  present experimental data, t h a t  the  tempera.ture a t  a 
thermometer locat ion of 40.7 inches ( i n i t i a l  surface l e v e l  w a s  about 44 in . )  
with high bottom heating had a tendency to increase.  Then it leve ls  f o r  a 
short  period ( f ig s .  5 (b )  to ( e ) )  shor t ly  a f t e r  the  start  of  f l o w  and be­
fore  the  l i q u i d  surface dropped a s igni f icant  amount. A similar tendency was 
not observed with high w a l l  heating (run 1, f i g .  5 ( a ) ) .  A review of previous 
w a l l  and bottom heating data ( r e f .  6)  showed t h a t  this phenomenon was consist­
ent .  A discussion of the t rans ien t  development of a temperature gradient near 
the  surface i s  presented i n  appendix B along with addi t ional  temperature data 
near the surface during the  first portion of t e s t  run 4. 

Effect of Immersion Heater I n s t a l l a t i o n  on Liquid Behavior 

Perhaps the  most profound e f f ec t  of the  presence of t he  immersion heater > 

on l iqu id  behavior w a s  expected a t  the  l i qu id  gas in te r face  when the  l i qu id  
surface passed each element. A disruption of t he  p lac id  surface did occur dur­
ing the flow of the l i qu id  surface past  the  elements which could be seen f rom .. 
viewing the  l i qu id  with a te lev is ion  system. A s  the  l i q u i d  surface drops past  
the  element, the  surface i s  disrupted i n t o  s m a l l  waves which disappear a f t e r  a 
f e w  seconds. This disturbance w a s  observed t o  occur each time the surface 
passed a v i s ib l e  heater element. The immersion heater elements appear to have 
perturbed the l i qu id  surface during outflow; however, t he  s ign i f icant  e f f ec t  of 
any change i n  l i q u i d  behavior should appear as a change i n  tank pressure o r  i n  
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t he  e x i t  temperature his tory.  Evaporation and/or condensation w a s  ant ic ipated 
due t o  the addi t ional  wetted surface of each heater element above t h a t  of the 
tank w a l l  alone. However, t h e  l i q u i d  surface passing each element did not re ­
sult i n  a noticeable change i n  ta.nk pressure. 

A comparison of generalized tes t  results with and without t he  immersion 
heater  i n s t a l l e d  i s  presented i n  f igure  6. Both the generalized heating r a t e  
d i s t r ibu t ion  ( f i g .  6 ( a ) )  and the  exit  temperature h is tory  ( f i g .  6 (b ) )  a r e  shown 
f o r  run 1obtained with the  immersion heater  i n s t a l l ed  and f o r  a similar run 
(H - L configuration f rom r e f .  6 )  without the heater i n s t a l l ed .  A comparison 
of heating r a t e  d i s t r ibu t ions  indicates  t ha t  t he  two cases were obtained with 
nearly the same generalized heat input.  A comparison of the resu l tan t  general­
ized e x i t  temperature h i s t o r i e s  shows a general consistency i n  shape between 
the  two curves, which indicates  t he  l i qu id  behavior w a s  not overly influenced 
by the presence of the  immersion heater.  The temperature h is tory  of run 1 

(9= 0.444) shows a t rend toward a higher temperature, as expected, than tha.t 

of the  run ( r e f .  6 )  without the  heater  (9 = 0.429). There was a noticeable in ­
crease i n  time during which the  e x i t  thermometer indicated sa tura t ion  tempera­
tu re  r i s e  with the  heater i n s t a l l e d  ( f i g .  6 ) .  This t rend ex is ted  a t  other 
thermometer locations,  even a t  locations above the  height of the  heater  (see 
f i g .  5, f o r  instance) .  It i s  doubtful, therefore,  t h a t  t h i s  difference r e ­
su l ted  from the heater i n s t a l l a t ion .  

E lec t r i ca l ly  Simulated Nuclear Heating 

The generalized t e s t  r e s u l t s  with e l e c t r i c a l l y  simulated nuclear heating 
a re  presented i n  f igure  7.  The r e su l t s  obtained f r o m t e s t  runs 4 and 5 a re  com­
pared with the  r e su l t s  of a nuclear heating t e s t  having a s i m i l a r  value of 
heating parameter (run 18.100, r e f .  3) .  Two heating r a t e  d i s t r ibu t ion  curves 
a re  shown i n  f igure  7 ( a )  f o r  each run. The top curve depicts the  t o t a l  heating 
r a t e  d i s t r ibu t ion  both f rom heat t ransfer red  t o  the l i qu id  from the  tank w a l l s  
and f rom heat sources i n  the  l iquid;  the l a t t e r  i s  shown separately by the  bot­
t o m  curve. The t o t a l  heating r a t e  of the l i qu id  f o r  run 4 ( f i g .  7 ( a ) )  c losely 
matched tha t  of the  nuclear heating run although the  amount of l i qu id  source 
heating f o r  run 4 w a s  considerably l e s s  f o r  two reasons: (1)the  heating load 
(power per un i t  volume) applied t o  each element w a s  about 40 percent l e s s ,  and 
( 2 )  the  immersion heater extended up t o  about half of the  i n i t i a l  l i q u i d  
height. The r e su l t s  obtained f r o m  run 4 ( t o  be discussed l a t e r )  made it unnec­
essary t o  conduct fu r the r  tests with increased heating loads. 

The low t o t a l  heating r a t e  of t he  l i qu id  f o r  run 5 ( f i g .  7(a . ) )  a t  l o w  l i q ­
uid heights resu l ted  from turning off the  power t o  successive immersion heater  
elements before the  l i q u i d  l e v e l  came within several  inches of any pa r t i cu la r  
element. This w a s  done i n  an e f f o r t  t o  avoid perturbing the  s t r a t i f i e d  layer  
near t he  l i qu id  surface by power generation. The i n i t i a l  l i q u i d  source heating 
r a t e  w a s  about t he  same f o r  both t e s t s  (runs 4 and 5) ,  and consequently, t he  
difference i n  l i qu id  height f o r  any given l i qu id  source heating r a t e  indicates  
t he  a.pproximate height of l i qu id  above an element when i t s  power w a s  turned 
of f .  
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The generalized e x i t  temperature h i s to r i e s  f o r  t h e  two simulated nuclear 
heating runs are shown i n  f igure  7(b)  and compared with the  r e s u l t s  of the  nu­
c l ea r  heating t e s t .  The r e s u l t s  of a l l  three t e s t s  appear, i n  general, t o  be 
about the  same during the  ea r ly  portion of the t e s t s .  I n  the  l a s t  quarter of 
the  flow period, a more s igni f icant  difference appears. The e x i t  temperatures 
of the simulated nuclear t e s t s  show a tendency toward a more rapid increase i n  
temperature. With near ly  equal t o t a l  heating r a t e  d i s t r ibu t ions  between run 4 
and the  nuclear data (see f i g .  7 ( a ) ) ,  consistent temperature h i s t o r i e s  were an­
t i c ipa t ed  as  a funct ion of heating parameter. T h a t  is, the  higher the  heating 
parameter, the  g rea t e r  the  temperature r i s e  a t  any given time from start of 
flow (see r e f .  6, f o r  instance) .  Although the  heating parameter f o r  the nucle­

ar data (4= 0.457) w a s  s l i g h t l y  higher than the  present t e s t  zwn 4 (4= 0.434), 
the ea r ly  h is tory  indicates  an e x i t  temperature r i s e  which i s  l e s s  by a small 
amount. This t rend indicates  more heat has been s tored  i n  the s t r a t i f i e d  layer  
during the  nuclear run. A comparison of the  e x i t  temperature h i s to r i e s  near 
the end of the  t e s t s  shows the  previously s tored  heat i n  the  nuclear case re ­
su l ted  i n  an increase i n  temperature r i s e  grea te r  than those of the present 
t e s t .  

A comparison of the r e s u l t s  of run 5 and the  nuclear data shows s i m i l a r  
t rends a s  the  previous comparison. I n  t h i s  instance,  t he  difference i n  temper­
a ture  h i s t o r i e s  occurred with about the same heating parameter but with d i f f e r ­
ent  generalized heat input d i s t r ibu t ions .  Apparently the  heating r a t e  a t  low 
l iqu id  height f o r  run 5, being l e s s  than the  nuclear data,  resu l ted  i n  lower 
e x i t  temperatures near the  end of the run. 

The previous comparisons show that, i n  general, t he  nuclear heating could 
be simulated by the  use of an e l e c t r i c a l  immersion heater .  The t rend  toward a 
more completely mixed l i q u i d  with the immersion heater  was taken t o  indica.te no 
fu r the r  purpose would be f u l f i l l e d  by applying a higher heating load t o  simu­
l a t e  more closely the  nuclear l i qu id  source heating. An attempt t o  reduce the  
indicated mixing e f f ec t  by turning off the power t o  each element before the 
surface passed the  element resu l ted  i n  a change of heating r a t e  d i s t r ibu t ion .  
Another fea.sible simulation of t he  t o t a l  nuclear heating r a t e  d i s t r ibu t ion  was 
indicated i n  reference 6 by the  use of bottom heating. 

Comparison of Bottom and Nuclear Heating 

Two t e s t s  were performed (runs 2 and 3) i n  which the  bottom and w a l l  heat 
f l u x  were establ ished t o  approximate the heating r a t e  d i s t r ibu t ion  obtained 
with the  nuclear heating data of reference 3. The r e s u l t s  of these tests a r e  
compared with r e s u l t s  of a nuclear t e s t  i n  f igure  8. A comparison of the  gen­
era l ized  heating r a t e  d i s t r ibu t ion  ( f i g .  8 ( a ) )  shows tha.t the t o t a l  heat r a t e  
d i s t r ibu t ion  i s  about the same f o r  a l l  t e s t s  a.lthough i n  the  nuclear case, 
about 70 percent of the heat input was deposited d i r e c t l y  i n t o  the l iqu id .  The 
i n i t i a l  t o t a l  heating r a t e  of the nuclear data w a s  over s i x  times grea te r  than 
t h a t  of e i t h e r  of the present t e s t s  (see f i g .  8 (a . ) ) .  A comparison of the  gen­
era l ized  e x i t  temperature h i s to r i e s  ( f i g .  8 ( b ) )  shows t h a t  the  r e s u l t s  of t e s t  
run 2 and those of the nuclear t e s t  were almost i den t i ca l .  These three t e s t s  

t 
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a l s o  had s imi la r .hea t ing  parameters despite the  f ac to r  of 6 var ia t ion  i n  the  
t o t a l  i n i t i a l  heating r a t e s .  Test run 3 yielded a generalized e x i t  temperature 
h is tory  consistent with i t s  3-percent-lower heating parameter. 

A comparison of figures 7 and 8 indicates  t h a t  bottom heating tests more 
closely simulated the  nuclear heating t e s t  r e s u l t s  than the  e l e c t r i c a l  immer­
sion heater t e s t s .  Apparently the  l i q u i d  behavior associated with the  bottom 
heating tests resu l ted  i n  a turbulent flow f i e l d  s imi la r  t o  t h a t  with nuclear 
heating. The high degree of a t tenuat ion associated with nuclear rad ia t ion  i n  
both l i q u i d  hydrogen and the  tank material  (along with the uniform nature of 
the  nuclear heat deposition) appears t o  r e s u l t  i n  l i q u i d  behavior s imilar  t o  
t h a t  experienced with convective hea.t f l o w  from the  tank bottom. 

The major contribution t o  turbulence i s  perhaps more from bottom heating 
than the  l i q u i d  heat sources i n  nuclear heating. The l i q u i d  behavior near the  
surface during the  ea r ly  period of flow (see discussion i n  appendix 13) sug­
gested t h a t  high bottom heating consis tent ly  influences the  establishment of 
the  depth of t he  s t r a t i f i e d  layer .  This condition a l s o  exis ted with about the  
same heat f l u x  on both w a l l  and bottom ( H  - H configuration of r e f .  6). It 
seems possible,  therefore,  that the  nuclear heating of t he  tank material, as 
opposed t o  the  l i q u i d  source heating, may have had a.n overriding influence on 
the  establishment of flow behavior. 

EXIMMARY OF RESULTS 

The following r e s u l t s  were obtained from an experimental study t o  simulate 
nuclear heating of l i q u i d  hydrogen i n  a tank by means of an e l e c t r i c a l  immer­
s ion heater  and radiant  heaters .  

1. The use of an e l e c t r i c  immersion heater  t o  s i m u l a t e  nuclear heat 
sources i n  the l i qu id  tended t o  r e s u l t  i n  a more completely mixed s t a t e  of l i q ­
u id  tha,n with nuclear heating. 

2 .  Simulating the  generalized heating r a t e  d i s t r ibu t ion  of nuclear heating 
by mea.ns of radiant  heaters gave nearly iden t i ca l  generalized e x i t  temperature 
h i s to r i e s  with similar heating parameters despite unsimilar operating condi­
t ions .  

3. The presence of t he  1/4-by 1-inch g r id  network of t he  immersion hea.ter 
appeared t o  perturb the  l i q u i d  surface while dropping past  the  heater elements 
but without a f fec t ing  the  exit  temperature his tory.  

4. High bottom (or l i q u i d  source) heating w a s  observed t o  consis tent ly  r e ­
sult i n  a. disturbance of l i q u i d  near t he  surface during the  t rans ien t  develop­
ment of a temperature gradient.  

L e w i s  Research Center, 
Na.tional Aeronautics and Space Administration, 

Cleveland, Ohio, December 13, 1965. 
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APPENDIX A 


SYMBOLS 


CP 

E 

f 

K 

L 


pT 

i 

q 

R 

r 


S 

T 

t 

v 
G 

v 

W 

X 


E 

P 

(5 

spec i f ic  heat of l i qu id  a t  constant pressure, Btu/( lb)(OR) 


voltage t o  heater  


gray-body shape f ac to r  


conversion f ac to r ,  W/(  Btu/sec) 


i n i t i a l  l i qu id  height i n  tank, f t  


tank pressure, ps ia  


heating r a t e ,  W 


r a t i o  of heating r a t e s ,  heating parameter 


heat flux, Btu/( see)  ( f t 2 )  


heater element res i s tance ,  ohms 


radius ,  f t  


tank surface a rea ,  f t 2  


temperature, OR 


time from s tar t  of f l o w ,  see 


tank volume, f t 3  


volumetric flow r a t e  , ft’/sec 


r a t i o  of volumes 


weight flow r a t e ,  lb/sec 


height f r o m  tank bottom, ft 


e m i s s i v i t y  


r a t i o  of temperature r i s e s  


density,  l b / f t3  


0 4Stefan-Boltzmann constant, Btu/( see)  ( f t2 ) ( F ) 
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T r a t i o  of times 

Subscripts : 

b bottom 

H heater,  radiant  

i uni t  

i n  i n i t i a l  

2 l i q u i d  

m ma.ximum 

N l i q u i d  source 

S sa.turation, surface 

T tank 

W w a l l  

Superscrip t  : 

- time-averaged value 
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APPENDIX B 


TRANSIENT DEVELOPMENT OF TENPERATLIRE GRADIENT 

In the discussion of figure 5 it was observed that the temperature indi­
cated by the carbon-resistor thermometers near the initial surface level some­
times had a tendency to increase a,ndthen level off for a brief period shortly 
after the start of flow. This tendency was observed only with heating rate 
distributions having high bottom heating rates. This phenomenon was explored 
more fully during run 4 by recording each thermometer output at 0.054-second 
intervals from the time the tank was closed until several seconds after the 
start of flow. Twenty-five consecutive measurements of each thermometer were 
averaged to reduce the effect of 60 cycle noise in the signals resulting in av­
eraged data points 1.35 seconds apart. 

The resultant temperature histories of several thermometers are presented 
in figure 9. Also shown is the saturation temperature history. Thermometers 1 
through 13 are spaced at l/4-inch axial increments; 14 is 4 inches below 13, 
and 15 is 4 inches below 14 (ref. 6). Thermometer 1 is 43.69 inches above the 
tank bottom. The temperatures measured at thermometer 15 are typical of tem­
peratures below this location. The tank was closed 20 seconds before the start 
of flow; pressurization started 5 seconds after the tank was closed. Closing 
the tank caused the tank to self pressurize until the addition of pressurant. 
Pressurization of the tank resulted in an increase in liquid temperature due, 
probably, to isentropic compression of liquid. A temperature gradient also de­
veloped in the t o p  2 or 3 inches of liquid during the time interval from pres­
surization to the start of flow. The initial liquid level (as indicated by 
saturation temperature after pressurization) appears to be slightly above the 
position of thermometer 1. After the start of flow, the general trend toward 
increasing temperature with time at any given location is the result of heat 
addition and a decrease in liquid level with outflow but disturbances seem to 
appear in the upper regions of liquid (above thermometer 14) causing variations 
in indicated temperature histories at certain locations. 

The first disturbance occurred about 2 seconds after the start of flow. 

The change in temperature level was experienced almost simultaneously through­

out the upper region and probably resulted from a slight adjustment of liquid 

volume in the tank upon opening the shutoff valve and filling the outlet piping 

to the throttle valve. The volume adjustment would be observable in the upper 

region by changes in temperature level because of the existing temperature gra­

dient. No effect of volume adjustment is noticeable without the gradient. A 

second disturbance occurred about 12 seconds a.fterthe start of flow. This 

change in temperature level was again experienced simultaneously but only near 

the surfa.ce(thermometers 3 to 7). 


A third disturbance about 15 seconds after the start of flow appeared as 

temperature-levelchanges of longer duration (untilabout 40 see after start of 

flow) and progressed downward with time. The downward progression is observed 

by the initial temperature level change occurring at lower locations with in­

creased time. The progression continues for a depth of several thermometer 
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locat ions i n  about the  same in t e rva l  of time required f o r  the  l i qu id  surface t o  
drop the  1/4-inch distance between two thermometers. 

It i s  probable that the  t h i r d  disturbance resu l ted  from a quantity of w a r m  
l i qu id  having t raveled toward the  surface (probably along the  tank w a l l ) ,  turn­
ing r ad ia l ly  inward near the  surface, meeting with other w a r m  l i q u i d  a t  the  
center,  and being forced downward before d iss ipa t ing .  This phenomenon w a s  a l s o  
observed i n  the  two-dimensional tank t e s t s  of reference 2. Schlieren photo­
graphs of the  ea r ly  h is tory  of flow t e s t s  ( i n  ref. 2 )  showed a downward flow of 
w a r m  l i qu id  with e i t h e r  w a l l  heating or a combination of w a l l  and bottom (or 
nonuniform source) heating. However, i n  t he  l i q u i d  hydrogen experiments (pres­
ent  data and r e f .  6 )  the  r e su l t s  of t h i s  downward progression were observed 
only with high bottom (or nonuniform source) heating. The t rans ien t  develop­
ment of a quasi-steady-state temperature gradient i n  l i q u i d  hydrogen i s  thus 
seen t o  be dependent on the  heating rate d i s t r ibu t ion  i n t o  the  l iqu id .  W a l l  
heating of l i qu id  hydrogen appears t o  contribute i n  a smooth manner t o  the  de­
velopment of temperature gradients which m y  extend over the  major depth of 
l i qu id  (see f i g .  5 (a ) ,  f o r  instance) .  Bottom heating, on the  other hand, con­
t r ibu te s  t o  a generally more turbulent flow of f l u i d  which dis turbs  t h e  w a l l  
heating contribution t o  the  temperature gradient within a short  time period 
(about 15 sec i n  the  example shown) and r e s u l t s  i n  a thinner s t r a t i f i e d  layer  
above a region of turbulent ly  mixed l iqu id .  
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TABLE I. - TEST CO1\TDLTIONS 

RUn 4(5 
Ty-pe of heating Radiant Radiant and 

immersion 
~ 

Average heat flux, Btu/(f t2)  ( sec)  
W a l l ,  9, 0.0082 1.0035 3.0031 3.004C 5.0040 
Bottom, qb 0.0003 ).OO%? 3.0071 3.0072 I. 0071 

I n i t i a l  l i q u i d  height,  L, i n .  43.94 44.2C 43.4s 43.7s 42.31 
I n i t i a l  temperatures, Tin, OR 38.25 38.2: 38.3C 3%.2C 3%.44 
rank pressure, Py, ps ia  33.78 34.OC 34.2% 34.76 34.67 
Saturation temperature r i s e ,  3.95 4.0C 4.0C 4.22 3.96 
AT,, % 

4verage flow ra t e ,  G, lb/;ec 3.0404 ).0405 1.036% 1.0407 1.0401 
kerage  density,  p, l b / f t  4.310 4.31E 4.297 4.303 4.296 
Ivera e spec i f i c  heat, C, 2.48 2.54 2.54 2.57 2.5%Pl b  ( OR)  
Iverage heating r a t e  from 63.15 59.1C 52.34 60.93 64.94 

heaters,  GH, W 
$eating e r r o r  term, (ti2 - GN)/&H 1.277 1.654 1.586 1.486 1.386 
Cnit ia l  t o t a l  heating r a t e  of 184 141 121 202 200 

l iqu id ,  Q, ( L ) ,  W 
i a t i o  of 1so&ce to t o t a l  heating, 0.308 0.3166~(L)/Q2 ( L )
{eating parameter, 4 0.444 0.325 0.306 0.434 0.462 
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Figure 2. -Tank with radiant heaters. 
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Figure 3. - Immersion heater. 
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(a) Radiant heaters; r u n  1. (b) Radiant heaters; r u n s  Pand 3. 
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(c )  Radiant heaters; r u n s  4 and 5. (d) Immersion heater; runs  4 and 5. 


Figure 4. - Heating rate distribution from heaters. 
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Figure 5. - Temperature histories. 
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(b) Exit temperature history. 

Figure 6. - Comparison of generalized test results with and without immersion heater in­
stalled. 
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(b) Exit temperature history. 

Figure 7. - Comparison of generalized test results wi th l iquid source heating. 
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(b) Exit temperature history. 


Figure 8. - Comparison of bottom and nuclear heating data. 
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Figure 9. - Temperature history during transient developmentof temperature gradient 
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